Introduction
The term "reporter gene" defines a gene with a measurable phenotype that can be distinguished over a background of endogenous proteins [1] . Enzymatic assays have been employed in cell culture to detect the expression of reporter genes such as chloramphenicol acetyltransferase, β-galactosidase, and alkaline phosphatase (AP). Optical detection of fluorescent proteins (such as green fluorescent protein) and luciferase has enhanced the sensitivity and ease of use of reporter gene technology [2] .
More recently, great interest in using reporter genes for noninvasive in vivo imaging in living individuals has emerged. Nuclear imaging, using radiolabeled tracers, holds the greatest potential for translational and clinical use of reporter gene technology. PET is especially promising due to its inherently superior sensitivity, resolution, and quan-titative power. PET reporter systems require an appropriate combination of a reporter/marker gene and a reporter/ marker probe that, together, result in the accumulation of a radioactive signal when the reporter gene is expressed. For example, herpes simplex virus type 1 thymidine kinase (HSV1-TK) can be employed to trap HSV1-TK-specific reporter probes, such as 9- [4- 124 I]FIAU [3] . Alternatively, a reporter gene can encode a receptor that binds a radiolabeled probe. The human dopamine type 2 receptor (D2R) and the somatostatin receptor (SSTR) are examples of such reporter genes [4, 5] . Transporters can also be used as reporter genes; two examples are the human sodium iodide symporter (hNIS) and the norepinephrine transporter [6, 7] . This versatile collection of reporter/probe systems provides a powerful platform to closely monitor various cellular targets in a repeated and quantitative manner. Despite the advances achieved with these technologies, there are potential disadvantages associated with their use as reporter genes in humans [8, 9] . The HSV1 protein is immunogenic because of its viral origin. While D2R, SSTR2, and NIS are innate human proteins, they have specific biological functions and expression profiles. A mutant, defunctionalized version of the D2R reporter gene has already been generated to overcome potential biological activity of ectopically expressed D2R [10] . NIS is endogenously expressed in the thyroid, stomach, salivary gland, and lactating breast and in low levels in the prostate, ovaries, adrenal gland, lung, and heart [11] [12] [13] . This broad endogenous expression could limit the specificity and sensitivity of reporter imaging in these or surrounding tissues. Furthermore, the rapid efflux of radioiodide or pertechnetate (NIS substrates) from cells or tissues expressing NIS could result in loss of signal. Nevertheless, the wide availability of NIS substrates and their fast clearance from the body (diminishing the likelihood of interaction with the underlying cellular biology) suggest the potential use of NIS as a reporter gene in future human studies [14] .
In the translational/clinical arena, reporter gene technology is particularly promising as a means to monitor immunotherapy. Real-time monitoring of the survival, homing, expansion, and activity of therapeutic immune cells would greatly benefit the therapy process. Marking antigen-specific T lymphocytes with reporter genes will provide clinicians with this opportunity. The feasibility of this approach was demonstrated by isolation and transduction with the HSV1-sr39TK reporter gene of splenic T cells from mice that had successfully rejected a virally induced sarcoma. After injection of the tagged T cells in mice bearing the same sarcoma tumor, localization at the tumor could be observed over time by microPET imaging, using the [
18 F]FHBG PET reporter probe [15] . In a different study, the migration, survival, and selective accumulation of Epstein-Barr virus (EBV)-specific T cells, transduced with the HSV1-TK reporter gene, were visualized via [ 124 I] FIAU and PET [16] .
We suggest that a modified carcinoembryonic antigen (CEA) gene can be employed as a reporter gene for clinical application. CEA is a seven-domain GPI-linked cell surface glycoprotein, proposed to function as a Ca 2+ -independent, homotypic, intercellular adhesion molecule important in organizing the structure of the fetal colon [17] . In healthy adults, CEA is virtually nonexistent, only found in low quantities in the lumen of the colon [18] . During the process of carcinogenesis, colorectal and several other adenocarcinomas (e.g., breast, lung) resume robust CEA expression, possibly related to their differentiation and biological behavior [17] . Due to its GPI linkage with the cellular membrane, CEA is labile and, upon cleavage by phospholipases, is shed in the circulation and captured by hepatocytes [19] . The full-length, native human CEA molecule has already been utilized as a reporter gene for the purpose of improving radiopharmaceutical tumor localization [20] . In these studies, CEA-transduced tumor xenografts were targeted by a radioiodinated intact mouse antibody and mice were imaged using a gamma camera. Tumor localization was noted; however, a significant amount of radioactivity remained in the circulation 5 days post injection, resulting in a low tumor-to-blood ratio (0.9± 0.6). In contrast to what has already been done, we utilized two domains (N and A3), rather than the complete CEA molecule. Additionally, the GPI linkage of native CEA was replaced by a noncleavable transmembrane domain to avoid shedding of the reporter protein. Instead of using a radiolabeled intact antibody with extended serum persistence (approximately 20 days or longer), an anti-CEA antibody fragment with optimized pharmacokinetics for PET imaging [21] , was employed as a PET reporter probe. In this study, we evaluated membrane-anchored, recombinant CEA as a reporter gene and an anti-CEA antibody fragment as a PET reporter probe for the purpose of visualizing CEA-expressing T lymphocytes in vivo.
To generate the reporter gene, we used the truncated version of CEA, termed N-A3, which retains the antigenic target for the anti-CEA T84.66 antibody probe [22] . The N-A3 "bud" was placed on an inert "stem"; a truncated version of the noninternalizing human FcγRIIb cell surface receptor that lacks the intracellular signaling domain. After establishing that the NA3-FcγRIIb recombinant protein is expressed on the surface of T lymphocytes in the cell culture, we demonstrated that expression is maintained in vivo. Finally, we tested whether T cell masses can be visualized via microPET imaging, using a 124 I-labeled anti-CEA single-chain (sc)Fv-Fc antibody fragment probe [21] .
Materials and methods

NA3-FcγRIIb design, gene assembly, and creation of an expression plasmid
The generation and expression of N-A3 in Pichia pastoris has previously been described [22] . The yeast leader sequence of the N-A3 gene was reverted back to the human CEA leader sequence via overlap polymerase chain reaction (PCR) [23] . The FcγRIIb receptor gene, lacking its intracellular signaling domain, was isolated from Daudi cells (human B cell lymphoma, American Type Culture Collection ATCC# CCL-213, Manassas, VA, USA) using the Oligotex Direct mRNA Micro and OneStep RT-PCR kits (Qiagen, Valencia, CA, USA) according to manufacturer's instructions. Gene-specific primers were designed based on the FcγRIIb subtype 1 sequence [24] . The FcγRIIb gene portion used in this work included the complete extracellular domain (ECD) and transmembrane domain (TMD) of the protein, followed by a truncated intracellular tail of 20 amino acid residues.
The N-A3 gene was ligated to the FcγRIIb gene, yielding the NA3-FcγRIIb construct. A mutation in the N-A3 portion of the gene was incorporated to remove a targeting site recognized by hepatic Kupffer cells. The N-A3 mutagenesis primer: 5′-GGCCAGTTCCGGGTA TACCCAGACCTGCCCAAGCCC-3′ exchanged the glutamic acid (E) in the PELPK motif to aspartic acid (D), yielding PDLPK. A mutation was also incorporated in the 6 Jurkat cells were transfected with 10 μg DNA [25] . Cells were grown under Zeocin selection (200 μg/mL). Single clones were expanded and assayed for N-A3 gene expression by a FACScalibur Flow Cytometer (Beckman Dickenson, UK). One million transfected or nontransfected Jurkat cells were incubated with the anti-CEA chimeric T84.66 mAb [26] , detected with the secondary R-phycoerythrin (PE)-conjugated goat antihuman (Fcγ-specific) mAb (Jackson Immunoresearch Laboratories, West Grove, PA, USA). Nontransfected Jurkat cells were used to define a gate for identifying clones expressing the reporter gene. The percentage of cells expressing NA3-FcγRIIb at levels above the nontransfected Jurkat (negative) gate was used for relative ranking of reporter gene expression. The data were analyzed with the Cell Quest software (Becton Dickenson, San Jose, CA, USA).
Western blot of selected clones NA3-FcγRIIb-expressing Jurkat clones (1×10 6 cells), as well as the same number of nontransfected Jurkat and LS174T colon cancer cells (ATCC# CL-188), were washed with 1X PBS and lysed by triturating in 20 μL lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.1% SDS, and 0.02% NaN 3 ; pH 7.4). The lysate was centrifuged at 500×g for 10 min at 4°C. The supernatant (approximately 30 μL) was combined with 10 μL of 4X SDS loading buffer and boiled at 100°C for 5 min, loaded on a polyacrylamide gradient Ready Gel (4-20% Tris-HCl, BioRad, Hercules, CA, USA), and analyzed by Western blot. Two out of four identical nitrocellulose membranes were probed with the anti-CEA cT84.66 mAb, followed by either AP-or horseradish peroxidase (HRP)-conjugated goat antihuman (Fcγ-specific) Abs (Jackson Immunoresearch Laboratories). The remaining two membranes were probed with a mouse antihuman β-actin mAb (Sigma-Aldrich, St. Louis, MO, USA), followed by an AP-or HRP-conjugated goat antimouse (Fcγ-specific) Abs (Jackson Immunoresearch Laboratories) as loading controls. For AP detection, nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate substrates (Promega, Madison, WI, USA) were used to develop the signal from the NA3-FcγRIIb/CEA and β-actin proteins. For HRP detection, an enhanced chemiluminescent substrate (Pierce Biotechnology, Rockford, IL, USA) was utilized according to the manufacturer's instructions. The film exposure varied from 30 s (β-actin) to 2 min (N-A3/CEA), after which the film was developed and analyzed by an AlphaImager (Alpha Innotech, San Leandro, CA, USA). Using the AlphaImager HP V.5.0.1 software, the signal from the NA3-FcγRIIb-transfected Jurkat lysates was quantified by drawing regions of interest (ROI), encompassing the bands on the blot and obtaining integrated data values (IDV) of the signal intensity. The reporter protein signals were then compared to the LS174T CEA signal to generate signal ratios.
Establishment of tumor xenografts
All animal studies were conducted under protocols approved by the Chancellor's Animal Research Committee at the University of California Los Angeles. The establishment of Jurkat xenografts was modified from the method described by Neville et al. [27] . Briefly, 7-to 8-week-old athymic mice (Charles River Laboratories, Wilmington, MA, USA) were sublethally irradiated with 450 rad in a 137 Cs source irradiator (Mark-1, Model 68A, JL Shepherd and Associates, San Fernando, CA, USA). Three days later, two microfuge tubes containing 1×10 6 HT-1080 feeder cells (human fibrosarcoma, ATCC# CCL-121) were irradiated with 6,500 rad. One tube of irradiated feeder cells was combined with 1×10 6 transfected Jurkat cells, while the second was added to the same number of nontransfected Jurkat cells. Mice were injected subcutaneously (s.c.) in the left shoulder region with NA3-FcγRIIb-transfected Jurkat/ feeder cell suspension. The right shoulder area was injected with the nontransfected Jurkat/feeder cells as a negative control. Tumor masses were allowed to develop for about 20 days and reached approximately 100 mg weight.
Immunohistochemistry
Immunohistochemistry (IHC) staining was performed on paraffin-embedded sections, derived from NA3-FcγRIIb-transfected and nontransfected Jurkat cell tumors. LS174T colon carcinoma xenografts were used as a positive control. Sections from nontransfected Jurkat tumors served as a negative control. All tumors were removed, and 4 μm paraffin sections were cut and mounted on positively charged, poly-lysine-coated slides. The slides were deparaffinized and rehydrated. Antigen retrieval was accomplished by steaming with 10 mM citrate buffer (pH 6.0). Cells were stained with the cT84.66 antibody [26] and the staining was developed by an avidin-biotin complex method, using biotinylated goat antihuman (H+L) Abs and avidin-conjugated HRP (Vectastain ABC Elite Kits, Vector Laboratories, Burlingame, CA, USA). Sections were examined at a magnification of ×40 and photographed.
Radioiodination and imaging with 124 I-labeled scFv-Fc
Radioiodination of the anti-CEA scFv-Fc H310A protein was performed by the Iodogen method, as previously described [21] . Labeling reactions (0.1-0.2 mL) contained 0.15 to 0.3 mg purified protein and 1 to 1.5 mCi Na 124 I (Advanced Nuclide Technology, Indianapolis, IN, USA). The labeling efficiency was measured by instant thin layer chromatography using the Tec-Control kit (Biodex Medical Systems, Shirley, NY, USA). Immunoreactivity was determined by incubation of labeled protein with excess LS174T cells as described [25] . The measurements of cell-bound and free 124 I-immunoconjugates were performed using a gamma counter (Willac Wizard 3″, Perkin Elmer Life and Analytical Sciences, Shelton, CT, USA). The imaging experiments utilized the microPET Focus 220 (Siemens Preclinical Solutions, Knoxville, TN, USA) and microCAT II (Concorde Microsystems, Knoxville, TN, USA) instruments. Four xenografted mice for each cell line, carrying N-A3-positive (left) and N-A3-negative (right) Jurkat tumors were established. Prior to 124 I imaging, thyroid and stomach uptake of radioiodine were blocked as described [21] . Mice were injected in the tail vein with 150 μCi 124 I-labeled anti-CEA scFv-Fc H310A in saline/1% HSA solution. At 4, 20, and 48 h, mice were anesthetized using 2% isoflurane, placed on the tomography bed, and imaged. Acquisition time was 10 min. After the 48 h microPET scan, one of the four animals was also imaged by microCT for 10 min. The microPET and microCT images were then coregistered to yield a single image. Following the final scan, mice were euthanized. Blood, excised tumors, and organs were weighed and counted in the gamma counter. After decay correction, the percent injected dose per gram (%ID/g) was calculated.
Analysis of microPET images and statistics
All images were processed using the filtered backprojection algorithm [28] and displayed by the AMIDE software [29] . The same color threshold was applied to all sets of images. Ellipsoid ROIs with depth of 4 mm (n=4) were drawn in the tumor and %ID/g was obtained after entering the injected dose in millicurie and 124 I cylinder factor of 2× 10 −8 mCi/cc/image units. The variance among mice carrying the same type of tumor and imaged with the same tracer was represented using standard error (SE).
Results
Expression and selection of NA3-FcγRIIb reporter protein
The N-A3 fusion gene is composed of 726 nucleotides. To avoid the labile GPI linkage and the possibility of reporter protein release from the cell membrane, we utilized the ECD and TMD of the noninternalizing human FcγRIIb subtype 1 receptor (Fig. 1a) [24, 30] . The FcγRIIb TMD is followed by a short intracellular tail that acts as a membrane anchor. The rest of the intracellular portion of the receptor, including the signaling immunoreceptor tyrosine-based inhibitory motif (ITIM), was omitted. The combined NA3-FcγRIIb recombinant gene is approximately 1.4 kb. Jurkat cells were transfected with a mammalian expression vector encoding NA3-FcγRIIb. Figure 1b illustrates both the proposed orientation of the reporter protein in the cell and the envisioned reporter proteinreporter probe interaction. Screening by flow cytometry identified clones with various levels of reporter gene expression above the background defined by nontransfected Jurkat cells. Three clonal lines, exhibiting low (26.3%), medium (59.8%), and high (97.1%) percentages of cells expressing the reporter protein NA3-FcγRIIb, were selected for further analysis (Fig. 2) .
Western blots and quantitation of NA3-FcγRIIb
Western blots, using cell lysates from the same number of high, medium, and low NA3-FcγRIIb-expressing Jurkat cells were performed. The NA3-FcγRIIb total protein from the high and medium expressors was visible ( Fig. 3a ; lanes 1 and 2), while CEA from the low expressor could not be detected ( Fig. 3a; lane 3) with the AP-conjugated probe. Equal protein loading was ensured by probing for the housekeeping β-actin protein (Fig. 3b) . The combined NA3-FcγRIIb recombinant gene should be translated into a protein of approximately 50 kDa. This calculated molecular weight was based on the amino acid sequence alone, without taking into consideration any posttranslational modifications. In reality, the NA3-FcγRIIb protein migrated as a molecule of approximately 75 kDa (Fig. 3a) . This discrepancy is likely due to both FcγRIIb and N-A3 glycosylation. N-A3 alone migrates at 40 kDa [22] , while the entire CEA glycoprotein (45-55% carbohydrate content) has a molecular weight ranging from 180 to 200 kDa [31] . This heterogeneity is reflected by the smear observed for native CEA expressed in LS174T cells ( Fig. 3a; lane 5 ). An HRP-based Western blot of cell lysates from all three transfected clones, LS174T (+), and nontransduced Jurkat T cell (−) controls, was developed by chemiluminescence to quantitate the relative amount of recombinant NA3-FcγRIIb protein expression (film not shown). The band profiles on the film were identical to those seen on the AP blots (Fig. 3) . ROIs encompassing the NA3-FcγRIIb and CEA signal were drawn and IDVs were derived ( Table 1) . The ratios, based on IDV, were: 1.6 (high-to-medium), 2.3 (medium-to-low), and 3.6 (high-to-low) N-A3 expressions. The IDV analysis also showed that LS174T expression of CEA is 19.9, 31.2, and 70.9 times greater than that of the high, medium, and low N-A3-expressing Jurkat cell (Table 1) (Fig. 4) . The brown staining, prominent on the LS174T tumor slides, is also visible on the high NA3-FcγRIIb-expressing tumor slides, though not as intense. These data also suggest that N-A3 gene expression of the high-expressing Jurkat cells grown as tumors is lower than the LS174T CEA expression in vivo. No staining was observed in the medium and low NA3-FcγRIIb tumor tissue (Fig. 4) .
MicroPET/microCT imaging of tumors bearing the NA3-FcγRIIb reporter gene
The reporter probe used for all microPET imaging studies was the 124 I-labeled anti-CEA scFv-Fc H310A antibody fragment [21, 33] . The 124 I labeling efficiency ranged from 98.4% to 84.4% and the specific activity associated with the injected protein was between 2.6 and 2.3 μCi/μg. The in vivo imaging of nude mice (n = 4), carrying both transfected (left shoulder) and nontransfected (right shoulder) Jurkat tumors, demonstrated that only high NA3-FcγRIIb-expressing tumors can be visualized by microPET (Fig. 5a ). Mice bearing medium or low N-A3-expressing Jurkat xenografts did not have detectable microPET signal ( Fig. 5b and c) . The high NA3-FcγRIIb reporter geneexpressing tumors were visible in all four animals. The mean tumor activity, derived from the microPET images, measured 1.8%ID/g, 15.2%ID/g, and 4.6%ID/g for the 4-, 20-, and 48-h scan time points, respectively ( Table 2 ). The average tumor-to-background ratios, also based on ROI analyses, were 2.2-to-1, 6.1-to-1, and 3.8-to-1 for the early One animal from each group (low, medium, and high) was scanned by microCT immediately after the last time point of microPET imaging. The high-expressing N-A3-positive tumor PET signal coincided with the anatomical tumor location, whereas the N-A3-negative tumor showed no detectable signal. This observation confirmed that the microPET signal was specific to the N-A3-expressing tumor. There was no signal originating from the anatomical location of the medium (Fig. 5b) and low N-A3-expressing (Fig. 5c) xenografts. Some thyroid uptake, attributed to incomplete blocking, was seen in the mouse with medium N-A3-expressing tumor (Fig. 5b) . A biodistribution after the last scan (48 h) revealed a tumor-to-blood ratio of 1.4± 0.2%ID/g and an average of 4.8±0.8%ID/g (n=4) in the N-A3 high-expressing tumor (Table 2 ). This value compares well with the microPET image-derived 4.6±1.2%ID/g (n= 4) at 48 h, thus validating the early and middle time point microPET quantitation. The animal in Fig. 5a demonstrated tumor uptake of 7.1%ID/g and tumor-to-blood ratio of 2.1 at 48 h. The %ID/g for the medium (n=4) and low N-A3-expressing (n = 4) tumors were 0.6 ± 0.1 and 0.5 ± 0.1 (Table 3) with tumor-to-blood ratios of 0.8 and 0.7, respectively. The average tumor weights for the three groups (high, medium, and low) were 0.063±0.023, 0.166± 0.028, and 0.137±0.019 g. The activity measured in the liver, spleen, kidneys, and lung of the mice bearing high N-A3-expressing tumors was below 2%ID/g, while that for the medium and low N-A3-expressing tumor-bearing mice was below 1%ID/g (Table 3 ). In vivo dehalogenation of antibodies labeled by the Iodogen method is a well-documented phenomenon [34, 35] . As the radioiodinated probe ( 124 IscFv-Fc H310A) is being metabolized, free radioiodide and radioiodinated peptide fragments are quickly washed out of the tissues and excreted in the urine.
Discussion
The need for a sensitive, convenient, and quantitative technology to monitor dynamic processes in living subjects has grown tremendously over the past few years. Reporter gene technology has already established itself as a mainstay of functional analyses both ex vivo and in vivo. Furthermore, the use of reporter genes has reached as far as the patient bedside, demonstrating its clinical potential [36, 37] . Significant concerns pertaining to the clinical application of currently available reporter genes exist with respect to toxicity, immunogenicity, and ectopic biological activity. To reduce these problems, we focused on CEA, a wellcharacterized human protein with limited tissue expression. CEA, as a reporter gene, can be paired with any of a number of radiolabeled, engineered anti-CEA antibody fragments for noninvasive imaging. To adapt CEA for use as a cell surface reporter, several modifications were made.
(1) CEA is naturally a GPI-linked protein, readily cleaved by phospholipases and released into the surroundings and circulation. To circumvent this potential problem, CEA reporter gene constructs were engineered to contain an anchoring transmembrane domain. (3) If released into the circulation, CEA is accumulated rapidly in the liver due to specific interactions between a PELPK motif in CEA and a receptor on Kupffer cells (hepatic macrophages). This sequence (also part of the N-A3 molecule) was mutated to PDLPK, ablating that interaction [38] . (4) A spacer domain was introduced between the CEA A3 domain and the transmembrane region to facilitate access of the membrane-bound protein to antibody imaging probes.
FcγRIIb type 1 is expressed on macrophages, neutrophils, mast cells, and B cell lymphocytes [39] . To ensure that the FcγRIIb transmembrane portion of the reporter gene is inert, the intracellular domain containing the ITIM was omitted. To eliminate any possibility of interactions with endogenous IgG molecules, G 156 was substituted with alanine [40] . This substitution also prevents possible crosslinking of B cell receptor with the FcγRIIb, as well as any IgG-mediated FcγRIIb homodimerization events.
Our study was designed to be a proof of principle. Instead of therapeutic antitumor T cells, human tumorigenic T lymphocytes were transduced with the NA3-FcγRIIb reporter gene. Western blots confirmed reporter protein expression by the "high" and "medium" expressors; the "low" expressor did not produce a visible band. The three transfected clones (low, medium, and high NA3-FcγRIIb expressors) were used to establish xenografts in mice. IHC analysis revealed that reporter NA3-FcγRIIb expression could only be detected in the high N-A3-expressing tumor. MicroPET imaging of mice carrying xenografts of the reporter gene-transfected and nontransfected T cells was consistent with the IHC conclusions; only the high reporter gene-expressing tumor could be visualized in the living animals.
The anti-CEA 124 I-scFv-Fc H310A reporter probe exhibits a terminal, β phase serum half-life of approximately 21 h in mice [33] . Previous studies in mice bearing LS174T (CEA-positive) xenografts showed that the radioiodinated scFv-Fc H310A antibody fragment localizes to CEA-expressing tumors with maximum uptake of 18.0± 2.7%ID/g at 24 h post injection. Similarly, in this work, the microPET imaging studies of the N-A3 high-expressing xenografts showed high tumor uptake (15.2±1.3%ID/g) and tumor-to-background ratio (6.1-to-1) at 20 h. Clearly, optimal timing for imaging will depend on factors such as probe metabolism and pharmacokinetics. In comparison to the previously developed CEA reporter gene/reporter probe system [20] , the combination of anchored recombinant CEA reporter targeted by a faster-clearing antibody fragment produced higher tumor-to-blood ratio (1.4±0.2) at 48 h, rather than 5 days post tracer administration. When the positron emitter was switched from 124 I to 64 Cu, the microPET signal from the high N-A3-expressing tumor was virtually nonexistent at 21 h with 2.3%ID/g in the tumor and a tumor-to-blood ratio of 1.2-to-1 (data not shown). An earlier scan (16 h), on the other hand, demonstrated higher tumor-to-background ratio. However, the liver signal was also elevated, creating increased background in the abdominal area. These observations suggest that 124 I-scFv-Fc H310A antibody fragment is the better of the two probes we tested for imaging the NA3-FcγRIIb reporter gene.
There are several possibilities which can explain the observation that only T cells expressing "high" levels of this reporter gene can be visualized by PET in vivo. Reporter gene expression in the "medium" and "low" cell lines may simply be below the threshold of microPET 124 I positrons needs to be associated with T cells expressing roughly 25,000 reporter molecules per cells for a signal to be detected. Furthermore, this positron activity has to be concentrated in a volume equal or larger than the resolution element of the system (approximately 1 mm 3 ). Although these results give semiquantitative information, more systematic studies of the relationship between number of reporter binding sites and positron activity necessary for microPET detection need to be conducted.
The application of the N-A3 reporter gene is not limited to immune cells. This reporter could be useful for tracking any cell type of interest (e.g., stem cells). N-A3 may also be used as a transgene in animal models. In the clinic, it may find utility as a reporter for a variety of gene therapy protocols. The potential broad applicability of a CEA-based reporter gene supports further effort to advance this work.
